Summary.
Fine It has been reported by many investigators that alkaline phosphatase (ALP) is associated with nerve cells, as well as with glial cells and vascular walls in the central nervous system at the light microscopic level (LANDOW et al., 1942; SHIMIzu, 1950; LEDUC and WISLOCKI, 1952; NARDY and BOURNE, 1963; TEWARI and BOURNE, 1964; FRIEDE,1966; IIJIMA et al., 1967) . At the electron microscopic level, there have also been some reports of the ultrastructural localization of ALP in the plasma membrane of dendrites (MAYAHARA et al., 1967) , and axon terminals at synapses (SUGIMURA and MIZUTANI, 1979) . ALP on glial cells or vascular wall cells has been previously studied by electron microscopy (MAYAHARA et al., 1967; OVTSCHAROFF, 1973; CIANI et al., 1973; KAIYA et al., 1976; MORI et al., 1984; MORI and NAGANO, 1985) , but there have been few electron microscopic studies specifically dealing with the localization of ALP in neurons.
The present work shows that the neurons are covered with ALP along their entire surface, except where they are covered by myeline sheaths.
Especially strong ALP activity is observed on the nodes of Ranvier.
MATERIALS AND METHODS
Male Wistar rats weighing 80-120 g were kept in the animal cages with solid food and water ad libitum. These animals were anesthetized by an intraperitoneal injection of sodium pentobarbital and killed in the morning by the intracardiac perfusion of a fixative which contained 2 % glutaraldehyde, 0.1 M cacodylate buffer (pH 7.4), and 8 % sucrose for 10 min at room temperature.
Slices (50 ~m in thickness) of the cerebral cortex, at the level of the optic chiasma, and of the optic or sciatic nerves were made using a microslicer DTK-1000 (Dosaka Ltd. Kyoto). These slices were rinsed in a buffer solution, containing 0.05 M Tris-maleate buffer, pH 7.4, and 8% sucrose for 5 hr. The incubation of slices was carried out in a lead citrate medium (MAYAHARA et al., 1967 ) containing 14 ml of 0.2 M Tris-HC1 buffer (pH 8.5), 20 ml of 0.1 M sodium p-glycerophosphate, 26 ml of 0.015 M MgSO4, 40 ml of 0.5% lead citrate (K & K Laboratories, Inc., Plainview, New York) and 8 g sucrose. The solution was adjusted with 0.1 N NaOH to a pH of 9.4. The incubation was performd for 30 min at 37°C. Three control experiments were done: the sodium p-glycerophosphate substrate was omitted from the incubating medium; tetramizol (10 mM) was added as an inhibitor; and slices were preheated (60°C, 30 min) prior to their incubation.
After incubation, the slices were briefly rinsed in distilled water and immersed in 1 % osmium tetroxide in veronal acetate buffer (pH 7.4) for 1 hr at 4°C, dehydrated with graded acetone (300, 500, 700, 900, 990, and 3 times of 1000), and embedded in Epon. Semi-thin Epon sections (about 0.5 pm in thickness) were cut from the superficial layer of the specimens with a Porter-Blum ultramicrotome and stained with 0.20 toluidine blue in saturated sodium borate in order to identify whether the cutting surface included the cerebral cortex (VI layer) or Ranvier nodes of the optic or sciatic nerves. Ultrathin secttons were cut and stained only with saturated uranyl acetate in 50% ethyl alcohol for 15 min and examined in a Hitachi-HU-12B electron microscope. Unstained ultrathin sections were also used for observation (Fig. 3) .
RESULTS
There were many cells in the rat cerebral cortex with plasma membranes showing ALP activity.
Because some of them had a light nucleus and a cytoplasm which contained large quantities of rough endoplasmic reticula and free ribosomes, as well as other cell organelles ( Fig. 1) , or formed frequent axo-somatic synapses (Fig. 4) , these cells could be identified as neurons.
The plasma membranes of the nerve cell bodies were generally ALP positive ( Fig. 1, 4) , but a few neurons were not reactive.
In addition, some of the mitochondria in the cytoplasm exhibited an ALP reaction of their outer membranes (Fig. 1) .
In the neuropil, various processes demonstrated the activity on their plasma membranes ( Fig. 1) . Some of these were thick processes of which the plasma membrane was reactive (Fig. 2) . Because these thick processes had a light cytoplasm, but no astrocytic filaments, they were identified as thick dendritic processes or dendritic trunks.
Thin dendritic processes also showed ALP activity on their plasma membranes (Fig. 2) . The dendritic terminals, that is, the postsynaptic boutons of axodendritic synapses, also possessed ALP activity on their plasma membranes (Fig. 2, 3) .
While the axon demonstrated ALP activity on the plasma membrane of presynaptic boutons of axo-dendritic (Fig. 3) or axo-somatic synapses (Fig. 4) , nodes of Ranvier in the cerebral cortex also exhibited a strong ALP activity (Fig. 5, 6 ). The reactions of the nodes of Ranvier were the strongest observed in the brain matrix. The reaction was especially prominent at the nodal region, namely the axolemma and subaxolemmal density had strong reactions, but at the paranodal region, the axolemma showed only weak activity (Fig. 5) . No reaction could be seen at the internodal region where the axolemma was covered by myelin sheath (Fig. 5) .
The ALP activity of nodes of Ranvier was also demonstrated in the optic nerves ( Fig. 7 ) and in the sciatic nerves (Fig. 8) . In these cases, the strongest reaction was again located on the nodal axolemma and subaxolemmal density (Fig. 7, 8 ), while only weak activity was seen on the paranodal axolemma (Fig. 7, 8 ) and there was little reaction product on the axolemma covered by myelin sheaths (Fig. 8) .
In the various control experiments neither plasma membrane nor cytoplasm was reactive.
DISCUSSION
So far as non-neuronal tissues are concerned, it has been demonstrated that ALP is associated with the plasma membranes of various cells, for instance, those in the intestine (BRANDES et al., 1956; CLARK, 1961; HUGON and BORGERS, 1966, 1968; MAYAHARA et al., 1967) , kidney (MOLBERT et al., 1960; REALE, 1962; MIZUTANI and BARRNETT, 1965 ; Electron histochemical photograph of cell ALP activity appearing in the cerebral cortex of rat brain. Reaction products are deposited on the plasma membrane of the cell (arrow). Weak reactions are also seen on the outer membrane of some mitochondria (d1). There is no reaction in the nucleus (N). This cell possesses a light nucleus (N) and cytoplasm containing many rough endoplasmic reticula (ER), numerous free ribosomes (R), mitochondria (1), and Golgi apparatus (G). The cell may be identified as a neuron. In the neuropil, plasma membranes of various thin processes are also reactive. x 12,000 MAYAHARA et al., 1967) , cartilage (LEWINSON et al., 1982) , and blood cells (CLARK, 1961; MAYAHARA et al., 1967; MAKITA and SANDBORN, 1970) . Most neurons also demonstrated ALP on their plasma membranes. Thus, there is a reaction on the plasma membrane of nerve cell body, dendrities, nodes of Ranvier, and axon terminals.
This neuronal result was roughly in agreement with the data on non-neuronal cells. However, there is one different point between the two; neurons showed ALP activity on the plasmalemma of their whole surface, while most non-neuronal cells had it only on those of the apical surface.
It is of interest that such a characteristic distribution of enzyme, such as ALP, shown in the neurons has also been demonstrated for Na+, K+-ATPase in the neurons of the brain. This enzymatic activity occurs on the plasma membrane of the nerve cell body, dendrites and axolemma not covered by the myelin sheath (WOOD et al., 1977) . Electron micrograph of ALP reaction on a thick process, sectioned obliquely in the neuropil of the rat cerebral cortex. The activity is located on the plasma membrane of the thick process (thick arrow). The outer membrane of mitochondrion (M) shows ALP activity. Because the process demonstrates a thick diameter and contains light cytoplasm, but no astrocytic filaments, it may be identified as a thick dendritic process of a nerve cell. A thin dendritic process, cut transversely, also shows the activity on the plasma membrane (thin arrow). At the upper left, a postsynaptic bouton of a dendritic terminal (B) exhibits ALP activity on its plasma membrane, while its presynaptic bouton does not. x 20,000 EM photograph of ALP reaction on an axo-dendritic synapse in the rat cerebral cortex. The photograph was taken from an unstained thin section. Reaction deposits can be seen on the plasma membrane of a presynaptic axon terminal (A) which contains synaptic vesicles and a mitochondrion. Deposits are also located on the plasma membrane of the postsynaptic dendritic terminal (B). x 16,500
The presence of ALP activity in the outer membrane of mitochondria in nerve cells has already been recognized (MAYAHARA et al., 1967) . Synaptic ALP activity has also been confirmed previously (SUGIMURA and MIZUTANI, 1979) . Some synaptic bouton membranes did not react in the present study. This may be due to prefixation artifact, because fine structural details of boutons were frequently vague and damaged in those cases like in Figure 2 . It may also be caused by reaction failure in that some neurons did not show ALP activity.
There have been many light microscopy reports that there was difference in the reaction strength of ALP among various nuclei in the brain (LANDOW et al., 1942; SHIMIZU, 1950; LEDUC and WISLOCKI, 1952; NARDY and BOURNE, 1963; TEWARI and BOURNE, 1964; FRIEDE, 1966; IIJIMA et al., 1967) . It may be surmised from the present study that brain nuclei with strong ALP reactions probably contain more neurons with strong ALP activity in the plasma membrane than nuclei with weak reactions.
Although the biological function of ALP is not fully clarified, it is generally accepted that ALP may participate in transmembrane transport (MOLBERT et al., 1960; CLARK, 1961; REALE, 1962; MIZUTANI and BARRNETT, 1965; HUGON and BORGERS, 1968) . Thus, ALP in neuronal plasma membrane may function in transmembrane transport and may play a role in the absorption of nutrients from the intercellular spaces in the neuropil.
Many studies have been published on the fine structure of Ranvier nodes in the EM photograph of ALP activity on an axo-somatic synapse in the rat cerebral cortex. The activity is located on the plasma membrane of an axon terminal or presynaptic bouton (A), which contains many synaptic vesicles and mitochondria (M). This bouton forms an axo-somatic synapse with a nerve cell body. The plasma membrane of this nerve cell body is also ALP positive (arrow). N part of the nerve cell nucleus. x 16,500 central and peripheral nervous system, but there has been no report on the localization of ALP in the normal node of Ranvier. Because nodes of Ranvier with ALP activity were found in the cortex (Fig. 5, 6 ), optic nerve (Fig. 7) , and sciatic nerve (Fig. 8) and the enzymatic activity in these cases was strong, it was presumed that most Ranvier nodes in the central and peripheral nervous system would have a strong ALP reaction. Thus ALP may play a role in the absorption of various trophic substances from the surrounding intercellular spaces and may be actively involved in the metabolism of axon fibers. This function may help the metabolism of the local neuronal area which is located far from the nerve cell body.
It has been generally believed that the node of Ranvier in the central and peripheral nerve fibers is surrounded by an extracellular gap substance which is capable of binding several cations (LANGLEY and LANDON, 1967; HILDEBRAND and SKOGLUND, 1971; QUICK and WAXMAN, 1977) . In the present study, it was not demonstrated 5. Electron micrograph of ALP activity at a Ranvier node in the rat cerebral cortex. The strong reaction products are deposited on the axolemma and subaxolemmal density of the Ranvier node, which was sectioned roughly longitudinally (thick arrow). Weak activity is also seen on the axolemma at the paranodal region (thin arrow). However, the axolemma covered by myelin sheath does not show any ALP activity (arrowhead).
x 16,500 Electron histochemical photograph of ALP positive processes in the neuropil of rat cerebral cortex. Strong activity can be seen on the plasma membrane and subjacent density of the processes sectioned transversely (thick arrows). The processes contain small mitochondria (thin arrow), cisterns, and granular structures, but no astrocytic filaments in the light cytoplasm Therefore, they may be identified as axon fibers sectioned transversely at the node of Ranvier. Part of an ALP-positive capillary wall (E) can be observed at lower center. x 13,000 Fig. 7 . EM photograph of ALP reaction at a Ranvier node in the optic nerve in the rat brain. Strong reaction products are deposited on the axolemma and subaxolemmal density of the nodal region (thick arrow), but weak ones are deposited on the axolemma of the paranodal region (thin arrow).
ALP-positive glial components are seen outside the Ranvier node. x 33,000 8. Electron micrograph of ALP activity at a Ranvier node in the rat sciatic nerve. Strong activity can be seen on the axolemma and subaxolemmal density of the nodal region (thick arrow).
The axolemma of the paranodal region exhibits weak activity (thin arrow), but that of the region covered by myelin sheath does not show any activity (arrowhead).
Outside the Ranvier node, ALP-positive Schwann cell plasma membranes can be observed (s). x 16,500
whether the gap substance contained ALP activity. Since ALP activity on the nodal axolemma and subaxolemmal density was not observed in the control experiments, it was found that this activity was not caused by artifactual reaction, for example, by cation binding, but by ALP reaction.
Furthermore, the ALP active portion of subaxolemmal density in the present experiment might be partially similar to the subaxolemmal density which was stained by ferrocyanide after osmification (JoNEs and CAVANAGH, 1983) .
